It is envisaged that boundary layers and bottom shear stress behaviors having the effect of acceleration in the wave asymmetry and skew-ness are different from those in sinusoidal waves. Therefore, the asymmetric and skew waves cause a net cross-shore transport of sediment over a complete wave cycle. In the present paper, a new calculation method of bottom shear stress based on incorporating velocity and acceleration terms is applied to the calculation of the sediment transport induced by cnoidal wave as representative of the non-linear wave. Moreover, the bottom shear stress calculation methods are examined through both a two-layer baseline (BSL) k-m model and the experimental result on turbulent boundary layer for cnoidal waves. The acceleration effect on both the bottom shear stress and sediment transport under cnoidal waves are examined according to the wave non-linearity effect, respectively.
INTRODUCTION
Many researchers have done studies on wave boundary layer and bottom friction associated with sediment movement induced by wave motion for sinusoidal waves (e.g., Fredsoe and Deigaard (1992) ). Studies involving the sediment transport rate under sinusoidal waves have shown that the net sediment transport over a complete wave cycle is zero. In reality, however waves are nonlinear having asymmetric of the near-bottom velocity between wave crest and trough and also the asymmetric acceleration actualized on the skew waves in which the net sediment transport over a complete wave cycle can be produced. Tanaka (1998) estimated the bottom shear stress under non-linear wave by modified stream function theory and proposed formula to predict bed load transport except near the surf zone in which the acceleration effect plays an important role. Bottom shear stress estimation is the crucial step required as an input to most of sediment transport model. Therefore, the accuracy of bottom shear stress estimation used to evaluate the amount of sediment transport obtained from the sinusoidal wave is necessary to be clarified with the sediment transport estimation incorporating the acceleration effect term in its calculations. Recently, Suntoyo and Tanaka (2004) have proposed a new estimation method of the bottom shear stress under saw-tooth waves based on incorporating both velocity and acceleration terms and a good agreement between the new calculation method and experimental results of bottom shear stress under sawtooth waves has been obtained. Moreover, in this study, the new calculation method of bottom shear stress was applied to formulate the sediment transport rate and a good agreement with the experimental data has been obtained.
In this paper, the new calculation method of bottom shear stress and sediment transport rate under saw-tooth waves proposed by Suntoyo and Tanaka (2004) based on incorporating both velocity and acceleration terms all at once is applied into sediment transport rate calculation induced by cnoidal waves as representative of the non-linear waves. Moreover, the acceleration effect on both the bottom shear stress and sediment transport under cnoidal waves are examined according to the non-linearity of wave effect.
EXPERIMENTAL STUDY
Turbulent flow experiments under cnoidal waves were carried out in an oscillating tunnel using air as the working fluid. The velocity was measured in the center part of tunnel at 20 points in the vertical direction by means of Laser Doppler Velocimeter. Triangular elements of roughness were chosen in order to the roughness elements protrude out of the viscous sub-layer. Thus, the velocity distribution near a rough bed is logarithmic. It may be therefore assumed that log-law which fits the velocity profile, u, the friction velocity U* and the roughness height, z 0 can be used to estimate bottom shear stress over rough bed as shown by some researches, e.g. Hino et al. (1983) . The experimental conditions of present study are given in Table 1 . And the definition sketch for cnoidal waves are shown in Fig. 1 . Here, ajk s is the roughness parameter, k s is the Nikuradse's roughness equivalent defined as k s =30z o in which z 0 is the roughness height. The value of z 0 for the fully rough turbulent flow is obtained by extrapolation of the logarithmic velocity distribution above the bed to the value z = z 0 where u vanishes. In these experiments, the value of z 0 was obtained equal to 0.05 cm. And a m =U m Jo is the orbital amplitude of fluid just above the boundary layer, where, U max is the velocity at wave crest, o-is the angular frequency, Tis wave period. Ni=U max lu is the wave non-linearity parameter; u is the total velocity amplitude. The higher N t indicate more remarkable wave non-linearity, while the symmetric wave without non-linearity has A^=0.50.
NUMERICAL MODEL
In the present study, a two-layer k-co model called as the baseline (BSL) model as proposed by Menter (1994) was used to examine the bottom shear stress of experimental and calculation results. The idea BSL model is to retain the robust and accurate formulation of the Wilcox k-co model in the near wall region, and to take advantage of the free stream independence of the k-e model in the outer part of boundary layer.
The governing equations of a transport equation for turbulent kinetic energy k and the dissipation of the turbulent kinetic energy <u from the BSL model are,
CO where, a k(0 , /?*, o^, ;rand P are model constants, Fj is a blending function.
The boundary condition at the wall used are no-slip boundary condition for velocities and turbulent kinetic energy, i.e. at z = 0, u = k =0, and at the axis of symmetry of the oscillating tunnel, the gradients of velocity, turbulent kinetic energy and specific dissipation rate are equal to zero, i.e. at z = z h , duldz = ck/dz = dcoldz = 0. The effect of roughness was introduced through the wall boundary condition of Wilcox (1988) , as follow,
where, U* = ^t 0 l p is friction velocity and the parameter S R is related to the grain-roughness Reynold number,
In the present model, the non-linear governing equations were solved by using a Crank-Nicolson type implicit finite-difference scheme. In order to achieve better accuracy near the wall, the grid spacing was allowed to increase exponentially. In space 100 and in time 7200 steps per wave cycle were used. The convergence was achieved through two stages; at first stage of convergence was based on the dimensionless values of u, k and co at every time instant during a wave cycle. Second stage of convergence was based on maximum wall shear stress. Moreover, the convergence limit was set to 1 x 10" 6 for both the stages.
BOTTOM SHEAR STRESS ESTIMATION Calculation Method of Bottom Shear Stress
Two existing calculation methods of bottom shear stress are used to examine the bottom shear stress of experimental data for cnoidal waves as representative of the non-linear wave, in the present study. At first, the maximum bottom shear stress within a basic harmonic wave-cycle modified by the phase difference as proposed by Tanaka and Samad (2006) given in Eq. (6). This method is further called as Method 1.
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(6) a) I Here, r 0 (t) is the instantaneous bottom shear stress, U(f) is time variation of free stream velocity, q> is phase difference between bottom shear stress and free stream velocity and/^, is wave friction velocity factor. Second, Method 2 is proportional to the square of the instantaneous friction velocity, U*(t) incorporating the acceleration effect under a bit of saw-tooth asymmetric wave as proposed by Nielsen (2002) in Eqs. (7) and (8), as follows U*(t) = JZJcos^+^M)} (7)
The new calculation method of bottom shear stress under non-linear waves (Method 3) based on incorporating velocity and acceleration terms is given through the instantaneous friction velocity given in Eq. (9). Both velocity and acceleration terms are adopted from a calculation method proposed in Eq. (7) by Nielsen (1992 Nielsen ( , 2002 . In the new calculation method is therefore proposed a new acceleration coefficient, a c expressing the non-linearity effect on the bottom shear stress under cnoidal waves, that is determined empirically from both experimental and the BSL k-co model results. The instantaneous bottom shear stress can be calculated proportional to the square of the proposed instantaneous friction velocity, as follow,
Here, a c is the value of acceleration coefficient obtained from the average value of a c (t) calculated from experimental result as well as numerical model results.
The results of average value of acceleration coefficient, a c from both experimental and numerical model results as function of the non-linearity index, TV, were plotted. Hereafter, an equation based on regression line to estimate the acceleration coefficient, a c as function of TV, is given as a c =0.5921n(N,-)+ 0.411 (10) The increase in the non-linearity of wave brings out the increase of the value of acceleration coefficient, a c . The symmetric wave without non-linearity which has TV, = 0.50, the value of a c is equal to zero, so the acceleration term is not a significant factor. Hereafter, the wave friction factor,^ proposed by Tanaka and Thu (1994) as given in Eq. (11) is used to examine the bottom shear stress for all methods, f w = expi-7.53 +8.071 "" -0.100 (11) While, the phase difference between free stream velocity and bottom shear stress, (p including the effect of wave skew-ness under skew waves used are by using the relation proposed by .
Figs. 2 shows a comparison among numerical model, calculation methods and experimental results of bottom shear stress under cnoidal wave for Case CN1. Method 3 has given the best agreement with the experimental result along a wave cycle, while Method 1 gave under estimate value of bottom shear stress especially at crest part caused by incorporating the acceleration term was not done in Method 1. It is confirmed that the acceleration effect has significant role in the calculation of bottom shear stress under cnoidal waves. Although the acceleration term has been included in Method 2, however Method 2 gave over estimate value especially at positive wave cycle for all cases. These results assert that Method 2 was not a reliable method for calculating the bottom shear stress under cnoidal waves. Moreover, the BSL k-co model prediction result showed more close to both the experimental result and Method 3 than Method 1 and Method 2 for all cases as shown by . Due to wave nonlinearity, the wave-induced the bottom shear stress distribution is characterized by a large peak over a very short time interval preceding the wave crest. These characteristics are much more obvious for the higher non-linear wave case. Case CN1 produced a largest peak over shortest time interval preceding the wave crest than others cnoidal wave cases.
Moreover, it has been explained previously that Method 3 has given the best agreement with the experimental results of bottom shear stress under cnoidal waves. Indeed, the acceleration coefficient, a c and the phase difference proposed have been sufficient in its calculations. Therefore, the new method of bottom shear stress as proposed by authors may be used as a reliable calculation method of the bottom shear stress under nonlinear waves that often occurs in the near shore and it can be further used to an input sediment transport model under rapid acceleration in practical application. 
APPLICATION TO THE NET SEDIMENT TRANSPORT RATE CALCULATION
The instantaneous sheet flow sediment transport rate, q(f) is expressed as function of the Shields number r*(t) as given in the following expression,
Here, <X(t) is the instantaneous the dimensionless sediment transport rate, p s is bottom material density, g is gravitational acceleration, d S o is median diameter of sand particle, A is coefficient, sign is the sign of the function in the parentiiesis,
T*(t) is the Shields parameter defined by (i(t)/(((p/p)-l)gdso)) in which j{t)
is the instantaneous bottom shear stress. While r* cr is the critical Shields number calculated using the expression proposed by Tanaka and To (1995) .
The net sediment transport rate, which is averaged over one-period is expressed in the following expression
= AF = 11F
(13)
Here, 0 is the dimensionless net sediment transport rate, F is the function of Shields parameter and q net is the net sediment transport rate in volume per unit time and width. The constant value of A obtained in the present study is different with that was obtained by Suntoyo and Tanaka (2004) . In the previous study, die roughness high (k s ) was assumed equal to the median grain diameter (d 50 ), k s = d S o, but in the present study was defined k s = 2.5 d so according to the sheet-flow condition as shown by Swart (1974) and Nielsen (2002) . Thus, a constant A used is 11. Moreover, the integration of Eq. (5) was assumed to be done only in the phase |T*(0|> T* cr and during the phase |x*(f)|< x* cr the function of integration is assumed to be 0.
Acceleration Effect on Net Sediment Transport under Cnoidal Waves
The sediment transport formula in Eq. (12) with a constant value A = 11 was applied to calculate the net sediment transport rate under cnoidal waves. First of all, the flow velocity profile, U(f) obtained from the time-variation of velocity of cnoidal wave theory first order, can be applied to calculate the bottom shear stress by using Method 1 and Method 3 given in Eq. (6) and (9). The acceleration coefficient a c as function of wave non-linearity index N t given in Eq. (10) was used in Method 3.The acceleration effect on the net sediment transport rate under cnoidal wave is examined through the comparison of Method 1 and Method 3 applied for calculating the net sediment transport based on Eq. (12). In this calculation, the main flow velocity at the crest U max used are U max = 0.6 m/s up to 1.6 m/s, the median diameter of sand particle is d 50 =0.21 mm, d 5 o = 0.49 mm and d 50 = 0.74 mm, the wave period (T = 3 s) and the non-linearity index JV, = 0.60.
The correlation between the net sediment transport rate of Method 1 and Method 3 is shown in Fig. 3 . The solid line shows the value of the net sediment transport rate between Method 1 and Method 3 is in the same value, while the correlation result between Method 1 and Method 3 is shown by A, • and O marks, for d 5( f=0.21 mm, fi? 50 =0.49mm and d S0 =0.74 mm, respectively . The gap between the solid line and this correlation result is caused by the acceleration effect is not included in calculation on Method 1. It can be concluded that incorporating the acceleration effect in calculation of bottom shear stress has given a significant effect on the net sediment transport calculation. Fig. 4 shows the net sediment transport rate in variation of U max and median diameter of sand particle d S o for Method 3. Increasing the grain size diameter, d 50 as well as the maximum flow velocity U max are followed by increasing the net sediment transport rate, q net . The calculation result of the amount of sediment transport based on Method 3 is separated into onshore and offshore sediment transport rate shown with subscript on and off, respectively. Moreover, the net sediment transport (subscript net) is according to the difference of both. However, it was fixed to the value of calculation condition (T=3s, d 50 = 0.21 mm) and only U max that has been changed as shown in Fig. 5 . The difference between the onshore and offshore sediment transport occurs remarkable according to the increasing U max . It can be seen that the net sediment transport increases with increasing the value I I I I I I I I I I i ' 0.5 1 1.5 U max (m/s) Hereafter, it can be concluded that incorporating the acceleration effect in calculation of bottom shear stress under asymmetric waves has been a significant effect on the net sediment transport rate calculation. Nevertheless, the accuracy of the net sediment transport calculation under asymmetric waves incorporating the acceleration effect in this present study is still necessary to be verified by the net sediment transport experimental results under cnoidal waves expressing the cross-shore sediment transport under rapid acceleration.
CONCLUSIONS
The new calculation method of bottom shear stress based on incorporating both velocity and acceleration terms has been applied into sediment transport rate calculation induced by cnoidal waves as representative of the non-linear waves. Method 3 has given the best agreement with the experimental result of bottom shear stress along a wave cycle for all cases, while Method 1 gave under estimate value of bottom shear stress especially at crest part caused by incorporating the acceleration term was not done in Method 1. It is confirmed that the acceleration effect has significant role in the calculation of bottom shear stress under cnoidal waves. Although the acceleration term has been included in Method 2, however Method 2 gave over estimate value especially at positive wave cycle for all cases. It indicates that Method 2 was not a reliable method for calculating the bottom shear stress under cnoidal waves.
It can be concluded that incorporating the acceleration effect in calculation of bottom shear stress has given a significant effect on the net sediment transport calculation under cnoidal waves. Therefore, the new calculation method of bottom shear stress Method 3 may be used to calculate the net sediment transport rate under rapid acceleration in surf zone in practical application.
